Figure 1. Geologic map showing locations of precariously balanced rocks between San Jacinto and Elsinore faults (blue circles). Numbers (corresponding to rock numbers listed in
INTRODUCTION
Precariously balanced rocks are strong-motion seismoscopes that have been in place for thousands of years, and thus they can provide important information on ground motion and seismic hazard from large earthquakes over long periods of time (Brune, 1996; Bell et al., 1998; Anooshehpoor and Brune, 2002; Anooshehpoor et al., 2004) . The methodology has been calibrated by rocks toppled by the 1999 Hector Mine earthquake (Brune, 2002; Anooshehpoor et al., 2004) , by ground motions from nuclear explosions at the Nevada test site , and by field tests and shake-table tests . Originally a rough division of rocks into two categories on the basis of field observations was made: semiprecarious (quasi-static toppling accelerations 0.3-0.5 g) and precarious (quasi-static toppling accelerations 0.1-0.3 g) (Brune, 1996) . Further development of the methodology has allowed more accurate estimates with field tests and computer analysis Purvance, 2004) . In this article, only approximate field estimates are made. The results of the reconnaissance field surveys such as those reported here strongly suggest that more accurate testing and analysis are warranted. Brune (1996) found a few semiprecariously balanced rocks about halfway between the San Jacinto and Elsinore faults, roughly consistent with the seismic hazard maps of Wesnousky (1986) , but not consistent with the low-probability (long recurrence time) hazard maps given in the Southern California Earthquake Center (SCEC) Phase 1 Report hazard maps (Working Group on California Earthquake Probabilities, 1995) . The number of rocks described in the Brune (1996) study was not enough to lend strong confidence to the results.
RIVERSIDE-AGUANGA LINE OF PRECARIOUSLY BALANCED ROCKS
In succeeding years, Brune has made numerous one-day field excursions to the area between the San Jacinto and Elsinore faults to locate more precariously balanced rocks. The picture that has emerged is simple and impressive: more than 60 precariously or semiprecariously balanced rocks have been located between 14 and 17 km from the nearest fault (Brune, 2003) . This distribution strongly indicates that the pattern is a result of attenuation of strong ground motion from numerous large (M ϳ 7) earthquakes along the San Jacinto and Elsinore faults in the past several thousand years. The last two large earthquakes on the San Jacinto fault were the 1899 M L ϳ 6.5 and the 1918 M L ϳ 6.8 (Southern California Earthquake Data Center, 2005). Rockwell et al. (2005) indicated that 6 large earthquakes have occurred in the past 1 k.y., and that the average rate of occurrence of such earthquakes is Ͼ4/k.y. over the past 10 k.y. The slip rate along the Elsinore fault is about one-third that for the San Jacinto fault (Merifield et al., 1991) . Thus the precariously balanced rocks documented here have been exposed to dozens of earthquakes along the two faults, and they offer the possibility of obtaining strong statistical constraints on ground motion from large earthquakes along the two faults.
on September 22, 2010 geology.gsapubs.org Downloaded from Figure 1 shows locations of the rocks on the geologic map of the region. The rocks are distributed in a band a few kilometers wide midway between the San Jacinto and Elsinore fault zones. Granite outcrops, indicated in pink, occur over most of the area between the two fault zones. Our reconnaissance surveys covered all areas of granite outcrops between the two fault zones. The granite in the area is fairly uniform in appearance and has relatively low topography. Except for the San Jacinto and Elsinore faults, there are few mapped faults in the granite.
The seismicity of the region between the two faults is very low. Recent seismicity maps (Southern California Earthquake Data Center) show essentially no earthquakes, even at small magnitudes. This suggests that there are no unrecognized seismically active faults in the region. However, de-aggregation of low-probability seismic hazard maps (2% in 50 yr; Frankel et al., 2002) for points halfway between the Elsinore and San Jacinto faults assumes a significant contribution from random background earthquakes. Figure 2 shows examples of the precariously balanced rocks in the band.
PRELIMINARY ESTIMATES OF TOPPLING ACCELERATIONS
Preliminary estimates of toppling accelerations can be made from visual inspection of the rocks in the field or from photographs. More accurate estimates may require field testing and computer modeling Purvance, 2004) .
In this study, ϳ12 rocks were tested for the quasi-static toppling acceleration (A qs ϭ g ϫ tan␣) and for size (R). Here, g is gravitational acceleration, ␣ is the angle between the vertical and the line through the rocking point and the center of mass of the rock, and R is the distance between the rocking point and the center of mass. Table 1 lists the quasi-static toppling accelerations (A qs ), the estimated dynamic toppling accelerations (A dyn ), the approximate characteristic size (R), and the approximate distance from the San Jacinto fault (D) for 12 rocks. The values of tan␣ for the Tooth and Nuevo-4 rocks were measured through quasi-static force toppling test; tan␣ values for the rest of the rocks were determined geometrically. (For detailed descriptions of the methodology, see Anooshehpoor et al. [2004] and Shi et al. [1996] .) The majority of the quasi-static toppling accelerations were between 0.15 and 0.38 g, which roughly translates into dynamic toppling accelerations between 0.20 to 0.49 g. (The dynamic toppling accelerations are typically ϳ30% higher; Anooshehpoor et al., 2004 .) The height of the rocks varies from ϳ1 to 3 m.
Preliminary field observations of the larger set of the rocks indicate that ϳ75% of the toppling directions are within Ϯ30Њ of the faultnormal direction (40Њ azimuth); i.e., 75% of the rocks are more sensitive to fault-perpendicular ground motions than fault-parallel ground motions. Purvance et al. (2004) investigated the distribution of elongate rock azimuths from high-resolution aerial photographs between the San Jacinto and Elsinore faults. These preliminary results suggest that faultparallel polarized ground motions may have contributed to the observed distribution of toppling azimuths, e.g., the strongest ground motions may have been in the fault parallel direction for at least one earthquake over the life of the rocks . This distribution could have resulted from supershear ruptures, unusually large mode 3 ruptures (displacement is in the fault plane and perpendicular to the direction of rupture), or an unexpected dominance of the seismicity by numerous short mode 2 ruptures (displacement is in the fault plane and along the direction of rupture).
NUMERICAL TESTS OF DYNAMIC TOPPLING
Through a numerical experiment of symmetric objects, Purvance (2004) quantified the increasing probability of toppling with increasing peak ground acceleration (PGA) and increasing peak ground velocity (PGV) to PGA ratio (PGV/PGA). Increased toppling probability with increasing PGV/PGA reflects a shift in the fundamental period of the ground motion to longer periods that are closer to the fundamental periods of the larger rocks. Thus one can define a probability of toppling surface in PGA versus PGV space. Preliminary surfaces are shown in Figure 3 for a subset of the precariously balanced rocks mentioned in Table 1 . Note that several of the rocks are not symmetric; the toppling surfaces shown reflect the average geometric parameters. Waveforms recorded during the Izmit (Anderson et al., 2000) and Denali (Ellsworth et al., 2004) Here we compare the estimates of PGA with current attenuation curves and seismic hazard maps. Figure 4 shows a profile approximately perpendicular to the San Jacinto and Elsinore faults, with the estimated dynamic toppling accelerations of the rocks plotted as circles. Almost all the rocks are located in a band 5 km wide. The range for the toppling accelerations is between 0.20 and 0.49 g. The red (Abrahamson and Silva, 1997), dark blue (Field, 2000) , and green (Boore et al., 1997) lines are recently published curves for peak ground motion attenuation on rock sites (V s30 ϭ 760 m/s) as a function of distance from strike-slip earthquakes of M7 (plotted from the left margin for one fault and from the right margin for the other). These attenuation curves were generated by the Southern California Earthquake Center's Open Seismic Hazard Analysis (OpenSHA) tool (http://scec.usc.edu/ OpenSHA/applications/AttenRelApplet.html). The light blue curve represents the median plus one standard deviation for the Abrahamson and Silva (1997) attenuation relation. Also plotted are acceleration values from the most recent seismic hazard maps for the region (Frankel et al., 2002) . In addition, Art Frankel of the U.S. Geological Survey (USGS) (2004 personal commun.) provided the values with all background seismicity removed (yellow line in Fig. 4 ).
DISCUSSION
The estimated upper-bound toppling accelerations for the most precariously balanced rocks in the Riverside Aguanga line are ϳ0.32 Ϯ 0.10 g. These values are roughly consistent with, but slightly above, the median values for current attenuation curves (e.g., Abrahamson and Silva, 1997; Boore et al., 1997; Field, 2000) . Most of the data for the precariously balanced rocks are less consistent with the median-plusone standard deviation curves (ϳ0.1 g lower). Given that the rocks have presumably been exposed to several dozen earthquakes in the sample, we might expect the ϩ1 curves to have been exceeded.
The toppling accelerations are not consistent with the 2% in 50 yr hazard maps (2475 yr recurrence) or with the 1% in 50 yr values (4975 yr recurrence). Because the rocks have been in place for thousands of years, the 2470 yr recurrence accelerations should have occurred at least once and would have knocked the rocks down. This inconsistency with low-probability hazard values has been found since the beginning of studies of the precariously balanced rock (Brune, 1996 (Brune, , 1999 .
The inconsistency and general evidence from the precariously balanced rocks may be important for testing some of the assumptions that go into calculating probabilistic seismic hazard assessment (PSHA), e.g., the assumption of random background earthquakes, and the assumption of a particular smoothing distance for historical seismicity. Removal of the effect of random background earthquakes makes the discrepancy with precariously balanced rock estimates somewhat lower (yellow curve in Fig. 4 ). The revised hazard curves, using the same USGS database but with background seismicity removed, lowers the 2% in 50 yr PGA to ϳ0.5 g-higher than the estimated constraint from precariously balanced rocks, but not nearly as much when background seismicity is included. Thus, in some areas, it may not be appropriate to include large random background earthquakes and broadly smoothed seismicity in PSHA, e.g., in an area like this with no blind thrusting and with clear outcrops of older granitic and metamorphic rocks over most of the area.
The inconsistency with low-probability hazard maps led Anderson and Brune (1999) to suggest that the usual PSHA methodology has made an erroneous statistical assumption, the so-called ergodic assumption, in which the spatial scatter in ground motion values from a few earthquakes, representing a small fraction of 2470 yr, is assumed to represent the scatter in ground motion with time at a particular site from repeated earthquakes on the same fault. The counterassumption would be that repeated earthquakes on the same fault produce similar motions at a particular site (''characteristic ground-motion earthquakes''; Brune, 1999, p. 32) . O'Connell and Laforge (2004) questioned this conclusion and suggested that the precariously balanced rocks at Lovejoy Buttes may be a result of a site effect, i.e., the near-surface basement shear wave velocities are significantly higher than assumed in the USGS hazard maps (760 m/s). Abbott et al. (2000) found shear wave velocities in the range 1046-1465 m/s at some of the precariously balanced rock sites in the Mojave Desert. Stirling et al. (2002) found no site effect for PGA, but found a small but significant effect for PGV. Because the rocking response for precariously balanced rocks is highly nonlinear and dependent on rock size, and because it is typically sensitive to PGA and to the energy near 1 Hz (Purvance et al., 2003) , we cannot eliminate this possibility without further study of shear wave velocities of individual sites in our profile. Such studies are currently under way. If the discrepancy turns out to be in part due to a site effect, this would also be an important finding.
Because the precariously balanced rock data represent upper bounds, we cannot distinguish between the following two alternative explanations (or a combination of them): (1) the medians for the hazard maps are approximately correct, but the ergodic assumption is wrong; (2) the medians are too high, as suggested by the limited data from three recent earthquakes (Turkey, Taiwan, and Alaska). Further study, including checking rock ages, will be required to more definitively reduce the various uncertainties.
CONCLUSIONS
A spectacular band of precariously balanced rocks extending from Riverside, California, to near Borrego Valley, California, halfway between the Elsinore and San Jacinto faults, is presumably a result of the attenuation of strong ground motion from numerous large events along these two faults (two on San Jacinto fault in 1899 and 1918).
The estimated dynamic toppling accelerations for the tested rocks is ϳ0.32 Ϯ 0.10 g, roughly consistent with the median predicted value of ground motion for M7 earthquakes, but somewhat lower than ϩ1 ground motions, and much lower than the values from the 2% and 1% in 50 yr hazard maps. (These findings are most applicable to areas of granitic or other crystalline hard rocks without blind faults or other local sources of seismicity.) Preliminary interpretations of the data are consistent with the concept of characteristic ground motion earthquakes, or with median values lower than assumed in current attenuation curves (possibly a result of high near-surface shear wave velocities). Removal of background seismicity may reduce the inconsistency. These data may be important in developing the next generation of attenuation curves. Discovery of this line of precariously balanced rocks, and the preliminary interpretations reported here, should stimulate future research.
